Fiber Bragg gratings written using a phase-mask exhibit a complex refractive index pattern in the fiber core, as observed in differential interference contrast (DIC) microscopy. This results in dual periodicities along the fiber core and gratings at both the Bragg wavelength, twice the Bragg wavelength, and the harmonics of these. Features in grating spectra arise from one or both of these periodicities and spectra for twice the Bragg wavelength (or its odd harmonics) are very sensitive to the details of how the UV complex diffraction field of the phase mask becomes imprinted as refractive index changes in the fiber core.
INTRODUCTION
The discovery of fiber Bragg gratings (FBGs), narrowband reflection filters first reported by Hill et al. in 1978 1 , has led to the development of numerous devices for telecommunications and sensing applications 2 . Many types of gratings have been reported, and they have been employed to address a wide range of sensing applications due to advantages such as their wavelength-encoded output, and their ability to be multiplexed and be operated at significant distances from the control unit 3 . Although they are generally described as a periodic variation of the effective refractive index along the fiber core it has been shown, in certain instances, that the refractive index structure is rather more complex 4 . The interaction of a forward propagating fiber mode with the periodic refractive index variation at, or near, one of the FBG resonances produces a strong coupling into the corresponding reflected backward mode, at a wavelength given by 1 
Λ =
where Λ is the grating period along the fiber core and the harmonic number m = 1, 2, 3, …. The effective index of the fundamental fiber mode, n eff , is approximated as the refractive index (RI) of the core at λ(m), and the "Bragg wavelength", λ B , corresponds to the first harmonic resonance (i.e. m = 1). FBGs can be described as standard, chirped, π-phase-shifted, superstructure, etc. 2 For a FBG to be written the fiber must exhibit photosensitivity and the development with time of the RI profile can vary widely 5 . The RI periodicity arises through illumination of a fiber via side-exposure with CW or quasi-CW UV laser light or femtosecond pulses with an interferogram, and which is commonly achieved using a phase mask (PM). This is straightforward, repeatable, and requires relatively few precision components 2 .
GRATING HARMONICS IN PHASE-MASK-PRODUCED GRATINGS
Standard phase masks are designed to provide maximum contrast for the interference of the ±1 diffraction orders. However, in most phase masks these undesired zero and higher orders are not totally suppressed and so the resultant FBGs have a complex refractive index structure, as observed in microscopic images of gratings 4, 6 . This arises as the diffraction intensity field generated by phase masks is itself complex, as shown in various studies 7, 8, 9 , and this structure is replicated within photosensitive areas of optical fibers. These diffraction patterns exhibit a repeat distance known as the Talbot length, L T 8 . Across a Talbot period the dominant periodicity along the FBG is Λ pm which manifests as two interleaved (i.e. π out-of-phase) gratings that produces the Λ pm /2 periodicity in the region where they overlap 9, 10 , shown 1 1it1illt41itiil1ixlfliii schematically in Fig. 1 , and which has been replicated by modeling based on the strengths of the phase mask's diffraction orders 9 . As shown in the DIC (differential interference contrast) images of FBGs shown in Fig. 2 (obtained using a phase mask of periodicity of ~1.07 µm, giving a Bragg wavelength near 1550 nm) in two different fibers 11 , the number of Talbot planes inscribed in the fiber core depends upon the core diameter. The grating spectral resonances are the harmonics of the Bragg wavelength, λ B , and twice the Bragg wavelength, 2λ B :
FBGs resonances in phase-mask-produced gratings have been observed at double the Bragg wavelength 12, 13 and at several of the harmonics of either the Bragg wavelength or twice the Bragg wavelength, namely 2λ B /3, λ B /2 and 2λ B /5 10, 14 . Conversely, when just the ±1 diffraction orders were present in a Talbot interferometer set-up features at twice the Bragg wavelength (near 1550 nm for Λ pm = 536 nm) were not observed 15 . Equations (2a) and (2b) show that reflections at λ B potentially arise from both of the periodicities, i.e. Λ pm /2 and Λ pm . Clearly grating spectra do not reveal the relative contributions of these different reflections. However, as features at 2λ B /3 occur only as the third harmonic reflection from a grating of period of the phase mask, Λ pm , studying the simultaneous growth of the reflectance of peaks at λ B and 2λ B /3 as a function of exposure fluence enables these contributions to be determined 16 . It was found that the relative contributions of the Λ pm and Λ pm /2 periodicities in standard telecommunications fiber to the Bragg wavelength peak were 60% and 40%, respectively. However, for the reflection at the Bragg wavelength in the smaller core Corning HI 1060 fiber the Λ pm periodicity was almost 100% 11 . This is believed to be due to the extent to which a full Talbot pattern is imprinted across the core. For standard telecommunications fiber, as shown in Fig. 2(a) , the core diameter is about 1.6 times the Talbot length, but for the smaller core fiber, as seen in in Fig. 2(b) , the core diameter is only 80% of the Talbot length and there is only one region along the core where adjoining out-of-phase fringes were interleaved (giving the Λ pm /2 periodicity). From the strength of the Bragg reflection at 2λ B /3 a reflection at 2λ B is expected near 3 µm, for the commonly used phase mask periodicity of ~1 µm.
OBSERVATIONS OF GRATINGS AT TWICE THE BRAGG WAVELENGTH
Through the use of a phase mask of much smaller periodicity reflections at 2λ B can be selected to occur near 1550 nm. Dyer et al., who were reporting on damage gratings using 193-nm radiation in unspecified fiber 12 , noted the occurrence of either a single peak or a double peak at 2λ B in different gratings, attributing the double peak to fiber misalignment. They conjectured that this produced a Fabry-Perot cavity in which a transmission maximum occurred at the grating reflectance peak since certain grating planes of periodicity Λ pm were π out-of-phase with similar planes elsewhere along the fiber core, but provided limited details. More recently, through the use of a phase mask of periodicity 536 nm that provided λ B ≈ 785 nm, we have obtained numerous spectra at 2λ B . An example of FBG reflection spectra at both wavelengths fabricated using a 244-nm CW laser beam of ~100 mW (in Corning HI 1060 fiber) 13 are shown in Fig. 3 . Although the fiber is single-moded at 2λ B (i.e. near 1550 nm) there are two peaks, consistent with the aforementioned work 12 and which is not a polarization effect, while a single peak is present at λ B
13
. (2b)). In our studies we have used the same phase mask and fiber type on many occasions and found that the peak/dip spacing at 2λ B changed from 0.3 nm in a stationary writing system 13 to 0.45 nm when a scanning method was used 18 . 
EFFECTS OF VARIATIONS IN EXPERIMENTAL ARRANGEMENTS
We have investigated how double-peak properties at twice the Bragg wavelength are related to the writing conditions 19 , via changes to the alignment and position of the fiber with respect to the phase mask (using a 244-nm UV continuous laser source with the scanning beam direct writing method and the 536-nm periodicity phase mask). Rotation of the phase mask resulted in a change in the center wavelength of both peaks, as expected for blazed gratings 2 , but the spacing between the two peaks was virtually unchanged. Adjusting the fiber so that one end of the fiber was closer to the phase mask than the other end, while keeping the fiber horizontal and the phase mask unrotated, results in the fiber axis not being parallel to the Talbot diffraction planes. FBGs were written for fiber to phase mask angles, φ, of up to ±0.11º, and the automated positioning stages allowed control with a resolution of ~1 µm (angular resolution ~2×10 -4 degrees). A clear dependence of the wavelength separation of the dual peaks on the fiber angle relative to the phase mask was observed, with a single peak present when the angle was close to zero, and shown in Fig. 4 are examples in which there are dual and single peaks. The shift in the wavelength and their wavelength difference for each of the two peaks with respect to the fiber tilt angle is shown in Fig. 5(a) and Fig. 5(b) , respectively. Through the symmetry of these data 0⁰ was assigned to the case when there was a single peak. While the average of the peak wavelengths is virtually unchanged with tilt angle, there was a rapid and linear variation separation with tilt angle of virtually identical magnitude (15.8-nm/⁰) for positive and negative angles. Fig. 6 depicts the situation of when the Talbot planes are not parallel with the fiber core, showing the fiber core passing through successive planes at a rate that depends upon the angle. The sensitivity of the wavelength variation with phase mask tilt angle is much greater than that occurring when the phase mask angle varies (i.e. blazed gratings), with double peaks occurring when the angle is ≥ 0.01° and similar results 19 were obtained at 2λ B /3. 
DISCUSSION AND CONCLUSION
Fiber Bragg wavelengths at twice the Bragg wavelength (and at its odd harmonics) arise in phase-mask-produced FBGs due to phase-mask diffraction orders other than ±1 that produces a complex diffraction field consisting of interleaved Talbot planes that repeat at a distance L T (the Talbot length) from the phase mask. These grating resonances occur as this field exhibits a periodicity of Λ pm parallel to the phase mask surface as well as the expected Λ pm /2 periodicity, and we have shown that both periodicities contribute to the usual Bragg wavelength peak. Additionally, the details of spectra, at twice the Bragg wavelength and at its odd harmonics are affected if there is a non-zero angle between the Talbot planes and the fiber axis, and the fiber diameter is also important as it determines how many Talbot planes are present in the fiber core 11 and influences spectra 20 . Although most examples of such spectra exhibit a double-peak structure, a single peak requires that the angle between the fiber and the phase mask surface be less than 0.1 mrad.
Further work in understanding these gratings in different fiber types is in progress, as the unique properties of grating features arising from the complex refractive index structure may lead to further advances in FBG sensing 21 for various parameters.
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